A theoretical formalism that allows analysis of the magneto-optical response of nanocorrugated ferromagnetic surfaces is presented and its validity checked with measurements in expressly fabricated structures. The formalism uses conventional scattering theory to find the expressions that account for the power scattered per unit area, and finds that for particular light-scattering directions and incidence polarizations the topographic and the magnetic contributions to the scattered light can be separated. By comparing theoretical and experimental results the magnetic state of the surfaces and its field evolution can be extracted.
I. INTRODUCTION
Light scattering has been widely used as a method to characterize different types of rough surfaces. 1, 2 The intensity and polarization state of the scattered light depend not only on the topography of the surface but also on its optical properties. In the case of a ferromagnetic material the nonhomogeneous distribution of the magnetization in the surface produces an extra mechanism of light scattering. 3 Moreover, the magnetic character of the material induces a magnetic field dependence of the scattered light, which for the case of periodic arrays of ferromagnetic elements such as gratings, tiles, or dots has been used to analyze their magnetic properties. [4] [5] [6] [7] [8] [9] [10] In this work these studies are extended to analyze the magnetic response of nanocorrugated surfaces. First, a theoretical formalism needed to treat these corrugated surfaces is presented, paying special attention to the transverse Kerr configuration geometry. Second, experimental results are obtained for periodically nanocorrugated Co surfaces, and compared with the theoretical predictions.
II. THEORETICAL FORMALISM
In a ferromagnetic material the dielectric tensor can be written as . M saturation is the value of the magnetization at saturation and M l the l component of the magnetization; ij is a magneto-optical parameter, which depends on the nature of the material. For a material with cubic symmetry xx = yy = zz = and xy = yz = xz = mo .
In those materials there are two different sources of light scattering. One is due to surface roughness or fluctuation in the refractive index. This source of scattering modifies the diagonal components of the dielectric tensor ͑⌬ ii , i = x , y , z͒. The other source of scattering is related to the fluctuations in the magneto-optical properties of the material and modifies the nondiagonal components of the dielectric tensor ͑⌬ ij , i j ; i , j = x , y , z͒. The magneto-optical fluctuations can be due either to fluctuations in the chemical composition of the material ͑which modifies the magneto-optical parameter mo ͒ or to a nonhomogeneous distribution of the magnetization m l , l = x , y , z. Therefore, the fluctuations of the dielectric tensor take in general the form
If only first-order scattering is considered, the electric field component of the scattered light induced by these optical and magneto-optical fluctuations can be obtained from the zero-order field ͓E ជ 0 ͑r ជ͒, i.e., the electric field solution of the problem without fluctuations͔ as follows:
where G ជ ͑r ជ , r ជ Ј͒ is a matrix Green function, satisfying the corresponding equation; see Refs. 11-13,
After some algebra, the scattered electric and magnetic components of the electromagnetic field in the plane of incidence ͑k y =0͒ can be obtained and are proportional to 
zЈ dependence will not be written in the expressions.
Therefore, the power scattered per unit area along the direction defined by the unit vector ͑
The ͗ ͘ stands for spatial average. The M term represents the p-polarized scattered light and the N term the s-polarized scattered light.
For an arbitrary direction of the magnetization all terms in the N and M factors contribute to the scattering, but some simplifications can be done for especial cases. In particular, if the magnetization is aligned along the y axis ͑transversal configuration, see Such dielectric tensor does not couple the P and S components of the electric field and, therefore, an incident beam p polarized ͑s polarized͒ will remain p͑s͒ polarized in the material. Furthermore, for this type of dielectric tensor some of the g ij functions are zero ͑see Appendix A͒. If the incident light is S polarized, the M and N terms take the form
and
Notice that in this configuration the s component of the scattered light ͑I s→s scatt ϰ ͗NN * ͒͘ is only originated by nonmagnetic dielectric fluctuations ͑⌬͒. On the other hand, the p component of the scattered light ͑I s→p scatt ϰ ͗MM * ͒͘ is solely originated by magneto-optical fluctuations ͑⌬ xy , ⌬ yz ͒.
If the incident light is P polarized, the M and N terms can be written as
In this case, the s component of the scattered light ͑I p→s scatt ϰ ͗NN * ͒͘ has only magneto-optical sources of scattering ͑⌬ xy , ⌬ yz ͒. On the other hand, the p component of the scattered light ͑MM * term͒ has two types of scattering sources, one which depends on the nonmagnetic dielectric fluctuations ͑⌬͒ and the other which depends on the magnetooptical fluctuations ͑⌬ xz ͒. In a homogeneous material ͑ mo = const.͒, the magneto-optical fluctuations can be the result of a nonhomogeneous distribution of the magnetization, like one due to a magnetic domain structure present in the sample ͕⌬ xz = mo ͓m y ͑r͒ − m y ͔, with m y the mean value of the y component of the normalized magnetization͖. However, at magnetic saturation, the fluctuations in ⌬ xz arise solely from the fluctuations in the magneto-optical properties of the surface. If the fluctuations in the dielectric tensor are localized in a   FIG. 1 . ͑Color online͒ ͑A͒ Transversal MOKE geometry shown on an AFM image of the nanocorrugation: incident and scattered light p polarized, external magnetic field applied perpendicular to the incidence plane and along the stripes' long axis ͑the diffraction spots appear at the incidence plane͒. ͑B͒ Sample structure with the geometrical and optical parameters used in the theory very thin region, of thickness h, underneath the surface, the p scattered light intensity is proportional to
where the f ij functions are defined in Appendix A, and E x1 0 , E z1 0 are the x and z components of the zero-order transmitted electrical field, ⌬ surface ͑k x 0 − k x ͒ is the Fourier transform component of the optical fluctuations in this surface region,
, and is related to the magneto-optical fluctuations at the surface region. Therefore, the magneto-optical scattering ratio, MOSR, is and is obtained by measuring the intensity of the p → p polarized scattered light when the magnetization runs from saturation in one direction, m y = 1, to saturation in the opposite direction, m y = −1, and can be written as
with
The MOSR is a function of the incident angle ͑k x 0 ͒, the scattering angle ͑k x ͒, and depends only on the optical ͑͒ and magneto-optical ͑ mo ͒ properties of the bulk, and on the magneto-optical properties of the surface ͑Q s ͒. Therefore, it is a fingerprint of the magnetic nature of the surface region. 
III. RESULTS AND DISCUSSION
One-dimensional corrugated surfaces have been fabricated using conventional "lift-off" techniques. On glass substrates continuous layers of Co or Au ͑thick enough to be opaque͒ were grown by triode sputtering. After that Co or Cr arrays of stripes, with a height of 5 -7 nm, were fabricated on the top of the previous metallic layer by lift-off processing. The stripes have a width varies between 2 and 4 m and the separation between the stripes ranges between 4 and 8 m. Three different types of nanocorrugated structures were fabricated. In the first type the Co stripes were deposited on top of a continuous Au layer. In the second type Cr stripes were deposited on top of a Co layer, and in the third type Co stripes were deposited on top of a Co layer. Therefore, the three type of structures obtained consist of ͑i͒ a magnetic surface on top of a nonmagnetic substrate ͑Co stripes on Au, termed type I͒; ͑ii͒ a nonmagnetic surface on top of a magnetic substrate ͑Cr stripes on Co, type II͒; and finally ͑iii͒ a magnetic surface on top of a magnetic substrate ͑Co stripes on Co, type III͒. Note that due to the fabrication process a thin oxide layer will be located between the continuous layer of Co and the stripes. The Co grown on glass by triode sputtering develops a uniaxial anisotropy parallel to the plasma confining magnetic field, which for a thick enough layer has an anisotropy field of about 30 Oe. Figure 2 presents the experimental magneto-optical scattering ratio as a function of the scattering angle for the three types of structure ͑I, II, and III͒ obtained by the abovementioned methods ͑solid symbols͒. The incident light angle is 20 deg and its wavelength 638 nm ͑He-Ne laser͒. As observed, the experimental MOSR depends on the type of structure. Also, in Figure 2 the theoretical MOSR ratio is represented by lines. The solid line corresponds to a structure where the substrate is magnetic and the surface is nonmagnetic ͑Q s =0͒, which fits the data for structures of Cr stripes on Co, type II. The dotted line corresponds to a structure where both the substrate and the surface are magnetic ͑Co stripes on Co, type III͒, and the dashed line corresponds to a structure where the surface is magnetic and the substrate is nonmagnetic ͑Co stripes on Au, type I͒. The optical constant of Co and Au used to calculate the MOSR were obtained from Ref. 14, the magneto-optical constants of the continuous Co layer were obtained from experimental magnetooptical measurements performed in noncorrugated Co layers ͑ xy = 0.14+ i .25͒, and the Q s of the Co stripes was obtained from a fit of the MOSR ratio for the Co stripes on Au ͑Q s = −0.01i͒. As observed, the theoretical curves reflect the different behavior of the three types of structures, providing information about the magnetic nature of the surface. tion axis of the sputtered Co was parallel to the stripes' long axis. Depending on the type of structure, the magnetic field dependence of the reflected and the diffracted MOKE intensities is different. In particular, the shapes of the different MOKE loops of the type I structure are very similar and reflect the magnetic field dependence of the stripe magnetization. For type II structures the continuous Co layer is the only magnetic material and therefore the magneto-optic component is that of the continuous Co layer. In these two structures the shape of the different reflected and diffracted loops is very similar. However, in type III structures the magnetic field dependence of the reflected and diffracted beams is quite different. For this structure, the thin oxide layer between the stripes and the continuous layer exchange decouples their magnetization. 15 Therefore, the magnetic field dependence of the stripe and continuous magnetization are independent and should be very similar to the one obtained in type I and II, respectively. As seen in Figure 3 , the magnetic field dependence of the reflected beam shows the evolution of the magnetization of the continuous Co layer, whereas the magnetic field dependence of the diffracted beams intensities, which are generated by the nanocorrugated surface, reflect the evolution of both continuous layer and stripe magnetizations.
In fact, if the only source of light scattering is the nanocorrugated surface the magnetic field dependence of the diffracted light is proportional to
and, we can use this expression to calculate the theoretical magnetic field dependence of the diffracted light intensity. For that purpose we use for the magnetic field dependence of the y component of the continuous layer magnetization ͑m y b ͒ the magnetic field dependence of the reflected beam, and we assume that in the stripes the magnetization is homogeneous. In that case Q s ͑k͒ = Q s m y stripe , with m y stripe the mean value of the y component of the normalized stripe magnetization, whose dependence on the magnetic field is similar to that given by the type I loops, and Q s = −0.01i for our fabricated Co stripes
As an example, Fig. 4 presents the experimental ͓Fig. 4͑a͔͒ and the simulated magnetic field dependence ͓Fig. 4͑b͔͒ of the intensity of the −1 diffracted spot for two type III samples where the easy axis of the continuous Co layer is in one case parallel to the stripe long axis ͑sample A͒ and in the other perpendicular to that axis ͑sample B͒. The simulated Kerr loops of the diffracted spots ͓Fig. 4͑b͔͒ were obtained as explained in the previous paragraph: the magnetic field dependence of continuous layer magnetization m y b ͓Fig. 4͑d͔͒ is assumed to be the one given by the experimental reflected Kerr loops of the structures ͓upper part of Fig. 4͑a͔͒ , and we use for the magnetic field dependence m y stripe of the two samples ͓Fig. 4͑c͔͒ the same magnetic field dependence as that of type I loops.
As observed, the shape of the experimental ͓lower part of Fig. 4͑a͔͒ and simulated Kerr Loops ͓Fig. 4͑b͔͒ are very similar, which confirms the validity of the model and strongly supports the suggestion that in type III structures the stripes and the continuous Co layer are exchange decoupled.
IV. CONCLUSIONS
Summarizing, a formalism that accounts for the magnetooptical response of a periodic magnetic nanocorrugation is presented. The theory uses conventional scattering theory to find the expressions that account for the power scattered per unit area, and finds that for particular light-scattering directions and incidence polarizations the topographic and the magnetic contributions to the scattered light can be separated. This fact is used to find the magnetic state of the nanocorrugated surface. Furthermore, with reasonable assumptions using the reflected and diffracted MO components, the detailed magnetic behavior ͑hysteresis loop͒ of the surface can be extracted and compared with the bulk. This opens interesting possibilities for the characterization of interfacial magnetism and in particular buried interfaces which cannot be obtained using other methods.
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